The use of metals and their alloys in restorative and implant dentistry dates back to centuries. Titanium (Ti) is one of the most widely used biomaterial for medical implants because of its excellent mechanical properties and exceptional biocompatibility. The good biocompatibility of Ti is related to the thin oxide layer formed on Ti surface. TiO 2 is inactive with the surrounding biological environment and quite compatible with living tissues. However, TiO 2 layer can be destroyed during movements between implant and bone tissue under loading condition. The localized destruction causes corrosion of the implant, thus, weakening it; and can induce the leak of small metallic particles or ions into living tissues. This article highlights a review of the various aspects of corrosion and biocompatibility of dental titanium implants as well as suprastructures, and the methods to prevent it.
INTRODUCTION
Implant dentistry is the second oldest discipline in dentistry after oral surgery. Root form implants have been used for thousands of years. 4000 years ago, the ancient Chinese used carved bamboo pegs, tapped into the bone, to replace lost teeth. 2000 years ago the ancient Egyptians used similarly shaped pegs made of precious metals. Some Egyptian mummies were found to have transplanted human teeth, and in other instances, teeth made of ivory [1] .
Titanium and titanium alloys are commonly used as dental implant materials. The process of integration of titanium with bone has been termed as "osseointegration" by Branemark [2] . The electrical properties and electrical stimulation of bone have been shown to control its growth and healing and can enhance osseointegration [3, 4] . The metallic nature of the materials used for implant applications and the corrosive environments found in the human body, in combination with the continuous and cyclic loads to which these implants are exposed, may lead to corrosion and its corresponding electrochemical products.
Presently, most of the commercially available implant systems are made of pure titanium (CP-Ti) or titanium alloy Ti-6Al-4V. Titanium and its alloys provide strength, rigidity, and ductility similar to those of other dental alloys. Whereas, pure titanium castings have mechanical properties similar to Type III and Type IV gold alloys, some titanium alloy castings, such as Ti-6Al-4V and Ti-15V have properties closer to Ni-Cr and Co-Cr castings with the exception of lower modulus [5] . The high corrosion resistance of titanium is due to the formation of a dense and stable layer of titanium oxide on its surface. Titanium oxide is responsible for chemical stability in the human body [6] [7] [8] [9] [10] . This layer is formed quickly because of the reactivity of the titanium with oxygen, which originates several oxides, with TiO 2 being the major oxide formed. The corrosion resistance level stands high when exposed to most of the mineral acids, even within rather harmful media, such as hydrochloric acid or sulfuric acid, resulting in extremely low corrosion under these conditions [11] [12] [13] [14] .
Fluoride ions are one of the few media that have the ability to provide a corrosive effect to a titanium surface. When titanium is exposed to fluoride, its oxide layer is damaged, and titanium is then easily degraded. This is due to the incorporation of fluoride ions in the oxide layer, considerably decreasing its protective properties [15] [16] [17] .
ELECTRICAL SIGNALS INBONE-IMPLANT INTERFACE
Both biopotentials and injury potentials are found in bone. Biopotentials in bone are classified into two subgroups, due in part to the complexity of bone structure: strain-related potentials (SRP) and biopotentials. SRPs include the piezoelectric behavior (i.e., electric potential in response to applied forces) of bone due to the structure and bipolar charge of collagen, and streaming potentials associated with the flow of fluid and ions through porous bone. Mechanical forces have been shown to direct the process of bone remodeling [18] [19] [20] [21] . Accordingly, areas of bone under stress tend to grow, and those areas under nomechanical load tend to be resorbed. This is believed to be a result of the physical stress alteration and biochemical activation of particular bone cells [22] . As a parallel event, however, areas of bone that are under mechanical load generate a more negative polarity than areas under smaller or no loads [23] [24] [25] .
In children, fractured long bones tend to overgrow with respect to their counterparts and there is an increase in apoptosis in the growth plate [26] . Interestingly, both the healing site and growth plate tend to have a more negative potential compared with that of the nearby intact tissue. During development, the growth plate has a negative potential, while the growth plate of a mature individual tends to have a neutral voltage.
TYPES OF CORROSION
The most common types of corrosion found in metallic materials used for implant applications are galvanic, fretting, and pitting/crevice corrosion, as well as environmentally induced cracking (Figure 1) .
Galvanic corrosion occurs with direct contact of two dissimilar metals in an electrolytic solution. Galvanic corrosionis not common in dental implant applications because of the presence of only one component, the dental screw, and the insulating nature of the protective passive layer that forms on the surface (Figure 2) .
Fretting corrosion is caused by the repeated micromotion or friction of a metal component against another material that causes mechanical wear and breaks up the passivating layer on the contact surface of the metallic device. Fretting could also be an issue in total hip replacements, where it could generate wear debris and ions from friction between joint and socket. Recent studies have shown that fretting and oxide disruption at the surface of load-bearing implants can cause corrosion current densities to increase and generate open-circuit potentials in excess of −500 mV [27] .
CLINICAL RELEVANCE OF CORROSION
Corrosion of metallic implants, a topic extensively dis- cussed inorthopedic literature, may jeopardize the mechanical stability of the implant and the integrity of the surrounding tissue [28] . Implant failure in the form of aseptic loosening, or osteolysis, may result from metal release in the form of wear debris or electrochemical products generated during corrosion events. Metal ions such as Ti 4+ , Co 2+ , and Al 3+ have been shown to decrease DNA synthesis, mitochondrial dehydrogenase activity, mineralization, and mRNA expression of alkaline phosphatase.
HOW TO PREVENT CORROSION
Ti dental implants are generally surface modified to reduce corrosion, improve osseointegration and increase the biocompatibility. To achieve this, surface treatments, such as surface machining, sandblasting, acid etching, electro polishing, anodic oxidation, plasma-spraying and Biocompatible/biodegradable coatings are performed to improve the quality and quantity of the bone-implant interface of titanium-based implants. Laser processing also is now being used in implant applications to produce a high degree of purity with enough roughness for good osseointegration [29, 30] . Yue et al. used the excimer laser to modify the surface of the Ti-6Al-4V alloy to improve its corrosion resistance and there was a seven fold increase in the corrosion resistance.
Richard et al. observed that corrosion resistance and fretting wear of Cp Ti increased several fold when coated with nano Al 2 O 3 -TiO 2 [31] [32] [33] . In addition to the above, nanoceramic HAP coatings are used to enhance the osseointegration. Nanostructured graded metalloceramic coatings have also been tried to achieve better adhesion between the metal and ceramic coatings and thus nanoceramic coatings are gradually receiving greater attention.
Ceramics are another class of materials which have high biocompatibility and enhanced corrosion resistance. They are widely used today for total hip replacement, heart valves, dental implants and restorations, bone fillers and scaffolds for tissue engineering, but ceramics are brittle, have high elastic modulus and can fracture as they posses low plasticity.
DISCUSSION
In spite of recent innovative metallurgical and technological advances and remarkable progress in the design and development of surgical and dental materials, failures do occur. One of the reasons for these failures can be corrosion of dental implants. The most favorable suprastructure/implant couple is the one which is capable of resisting the most extreme conditions that could possibly be encountered in the mouth. The choice of the materials used for the implant as well as implant borne suprastructures become crucial, and can be made by way of evaluating their galvanic corrosion behaviors. Recently, titanium dioxide (TiO 2 ) was classified as possibly carcinogenic to human beings at the International Agency for Research on Cancer (IARC). The electrical implications of corrosion and its effect on the surrounding tissue may be an important key to this puzzle, but such effects still remain unclear. Corrosion events generate electrical currents due to electron transfer from ions in the solution to the metallic surface where reactions are occurring. These abnormal currents, and coupled electrical potentials, are directly related to the cyclic loads applied to the implant [27] .
However, a fundamental understanding of the consequences of abnormal electrical signals on the growth and development of cells and tissues is required for the design of appropriate solutions and adequate treatment for affected individuals.
